Abstract. Micrornas (mirnas) have been proposed as potential prognostic and diagnostic biomarkers in numerous types of cancer, including osteosarcoma (oS), which is the most common bone malignancy. The present study revealed that the expression of mir-185 was downregulated in oS tissues and cells. Overexpression of miR-185 significantly suppressed the proliferation and migration of oS cells. To further investigate the functional roles of mir-185 in oS, the downstream targets of mir-185 were predicted using the microrna.org database. The results revealed that in cancer cells, hexokinase 2 (HK2), the rate-limiting enzyme of glycolysis, was a potential target of mir-185. Molecular analysis indicated that mir-185 binds to the 3'-untranslated region of HK2 mrna. overexpressed mir-185 downregulated the mrna and protein levels of HK2 in oS cells. in addition, an inverse correlation between the expression of mir-185 and HK2 was reported in oS. consistent with the downregulation of HK2 induced by mir-185, overexpression of HK2 in OS cells significantly attenuated the inhibitory effects of mir-185 on glucose consumption and lactate production, while depletion of mir-185 promoted the glycolysis of oS cells. additionally, restoration of HK2 abolished the inhibitory effects of mir-185 on the proliferation of oS cells. in summary, these results revealed that mir-185 suppressed the glucose metabolism of oS cells; thus, mir-185 may be considered as a promising therapeutic target for the treatment of oS.
Introduction osteosarcoma (oS) is the most common form of bone malignancy in children and adults, and is characterized by high mortality and a poor curative rate (1) (2) (3) . neoadjuvant chemotherapy, surgical resection and limb preservation surgery are the leading therapeutic strategies employed for the treatment of oS (4) . For high-grade oS, the 5-year survival rate of oS patients without cancer metastasis has been ≤60-70% due to effective treatments (5, 6) . The survival rate of OS patients with low-grade lesions is notably higher (7, 8) . unfortunately, the majority of patients with oS are diagnosed at late stages and the prognosis of these patients remains poor (7, 8) . Molecular targeted therapy has been considered as a potential strategy for the treatment of oS (9) . Therefore, it is important to identify the novel targets and the underlying molecular mechanisms that drive the pathogenesis of oS.
Micrornas (mirnas/mirs) are short noncoding rnas that regulate gene expression by binding with the 3'-untranslation region (3'-uTr) of the targeted mrnas, consequently inhibiting the translation or inducing the degradation of mrnas (10) . increasing evidence has demonstrated the regulatory function of mirnas in the initiation and progression of oS (11, 12) . For instance, mir-449a is downregulated in oS, which promotes the apoptosis of oS cells via targeting B-cell lymphoma 2 (13) . in addition, mir-20a is overexpressed in oS, which induces the proliferation of oS cells (14) . Previously, mir-185 was reported to suppress the growth of human none small cell lung cancer by inducing cell cycle arrest (15) . additionally, mir-185 inhibits the growth of hepatocellular carcinoma cells through the dna (cytosine-5)-methyltransferase 1 (dnMT1)/phosphatase and tensin homolog/protein kinase B signaling pathway (16) . It has been demonstrated that mir-185 is a potential prognostic biomarker for early stage hepatocellular carcinoma (17) . interestingly, previous studies have revealed that mir-185 regulated the invasion, metastasis and radioresistance of nasopharyngeal carcinoma by targeting Wnt family member 2B in vitro (18, 19) . These studies indicate the important roles of mir-185 in numerous types of cancer; however, the function of mir-185 in oS remains unclear.
aerobic glycolysis is considered as the hallmark of cancer cells, which regulates the metabolism of glucose into lactate as opposed to the mitochondrial oxidative phosphorylation pathway (20) . The glucose transporters are responsible for the translocation of glucose across the plasma membrane. The metabolism of glucose in cancer cells is catalyzed by a variety of enzymes (21, 22 (29) (30) (31) (32) . interestingly, HK2 has been reported to be the target of miRNAs in cancers (33-36). For instance, miR-181b downregulates HK2, consequently suppressing the glycolysis and proliferation of gastric cancer cells (36) . miR-143 was reported to be a tumor suppressor in prostate cancer via targeting HK2 (35) . in oS, mir-125b inhibits the aerobic glycolysis of oS cells by downregulating the expression of HK2 (37) . These findings indicate that inhibition of HK2 may be a promising strategy for the treatment of cancer. in the present study, the expression of mir-185 in oS tissues and cells was evaluated. Further molecular study revealed that mir-185 inhibited the expression of HK2 in oS cells. These findings suggested the potential regulatory function of mir-185 in oS.
Materials and methods
Cell culture. The normal human osteoplastic cell line (NHOst) and OS cell lines HOS, U2OS, Saos-2 and MG-63 were purchased from the american Type culture collection. Cells were cultured in Dulbecco's Modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% fetal bovine serum, 100 U/ml penicillin (Invitrogen; Thermo Fisher Scientific, Inc.) and 100 µg/ml of streptomycin (Invitrogen; Thermo Fisher Scientific, Inc.) at 37˚C in a humidified incubator containing 5% CO 2 .
Clinical samples. a total of 30 paired oS tissues and adjacent normal tissues (0.5-1 cm in diameter) were collected from the metaphyseal regions of long bones of the oS patients (age, 8-45 years old; female:male=1.35:1) at The central Hospital of Chao Zhou between April 2015 and October 2016. The adjacent normal tissues were ≥5 cm away from the edge of the oS tissues. The exclusion criteria of the patients included: i) received chemo-or radiotherapy prior to surgery; ii) patients were unsuitable for surgery; iii) informed consent was not obtained; and iv) serious infection. The basic clinical characteristics of these patients were provided in Table i . The samples were snap-frozen in liquid nitrogen and stored at -80˚C. Written informed consent was obtained from all the patients. Tissues were staged according to the Vanderbilt system (38) . The procedures for tissue collection and the following experiments were approved by the ethics committee of The Third Affiliated Hospital of Southern Medical University.
miRNA transfection. mir-185 mimics (5'-uGG aGa Gaa aGG caG uuc cuG a), control mirna (5'-GGu ucG uac Gua cac uGu uca-3'), mir-185 antagomir (5'-uca GGa acu Gcc uuu cuc ucc a-3') and negative control mirna (5'-cGG uac Gau cGc GGc GGG aua uc-3') were synthesized by Sangon Biotech co., ltd. For mirna transfection, both u2oS and Saos-2 cells (10,000 cells per well) were seeded on 6-well plates with DMEM and 20 nm miRNAs were transfected into the cells using lipofectamine ® 3000 (invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocols. At 36 h post-transfection, the expression levels of mir-185 were determined by reverse transcription-quantitative polymerase chain reaction (rT-qPcr). The Ha-HK2 transfection was also performed using lipofectamine ® 3000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocols.
RNA extraction and RT-qPCR. Total rna was extracted from the tissues or cells using an rneasy Mini kit (cat. no. 74104; Qiagen GmbH) according to the manufacturer's protocols. The concentration of rna was determined using a nanodrop 2000 spectrophotometer (nanodrop Technologies; Thermo Fisher Scientific, Inc). Extracted RNA (1 µg) was reverse transcribed using the Prime-Script rT kit (Takara Biotechnology co., ltd., dalian, china) according to the manufacturer's protocols. qPcr was performed using the miScript Pcr system (Qiagen GmbH) according to the manufacturer's instructions. U6 RNA and GAPDH were used to normalize the expression of mir-185 and HK2, respectively. The Pcr conditions were as follows: 95˚C for 10 min, followed by 40 cycles of 95˚C for 10 sec and 58˚C for 60 sec. The primer sequences used in this study were synthesized as: Mir-185 forward, 5'-caa TGG aGa Gaa aGG caG TTc c-3' and reverse, 5'-aaT CCA TGA GAG ATC CCT ACC G-3'; U6 forward, 5'-CTC GCT TcG Gca Gca ca-3' and reverse, 5'-aac GcT Tca cGa aTT TGc GT-3'; HK2 forward, 5'-aTG aTc Gcc TGc TTa TTc acG-3' and reverse, 5'-cGc cTa Gaa aTc Tcc aGa a GG G-3'; actin forward, 5'-GTG acG TTG aca Tcc GTa a aG a-3' and reverse, 5'-Gcc GGa cTc aTc GTa cTc c-3'. The experiments were performed with three independent repeats.
Cell proliferation assay. The proliferation of oS cells transfected with mir-185 mimics or control mirna was determined using Cell Titer 96 ® aqueous cell Proliferation assay kit (Promega corporation) according to the manufacturer's protocols. Briefly, transfected OS cells (1,000 cells per well) were seeded in 96-well plates with DMEM. Cell proliferation was evaluated by adding MTT reagent to the medium. Following the incubation at 37˚C for 3 h, the absorbance at 480 nm at day 1, 2, 3, 4 and 5 was determined using a microplate reader.
Luciferase reporter assay. Wild-type (WT) or mutant 3'-uTr of HK2 containing the putative mir-185 binding sites were amplified and inserted into pMIR-Luciferase-Reporter vectors (Promega corporation) according to the manufacturer's protocols. The plasmids were transfected into oS cells in the presence of mir-185 mimics or control mirna using lipofectamine 3000. at 48 h post-transfection, luciferase activity was determined using dual-Glo luciferase assay System (Promega corporation) according to the manufacturer's protocols. The activity of Renilla was detected as the normalization. The experiments were performed in triplicate.
Western blotting. Following transfection for 48 h, total proteins of cells were extracted using radioimmunoprecipitation lysis buffer (Beyotime institute of Biotechnology) and the protein concentration was determined using a Bca assay kit (Pierce; Thermo Fisher Scientific, Inc.). Equal amounts of protein (20 µg) were separated using 15% SDS-PAGE and then transferred onto polyvinylidene difluoride membranes (EMD Millipore). The membrane was blocked with 5% non-fat milk for 1 h at room temperature and incubated with antibodies against HK2 (1:2,000; cat. no. GTX124375; GeneTex) at room temperature for 2 h. The goat anti rabbit secondary antibody conjugated with horseradish peroxidase (1:5,000; cat. no. 305005; Bio-rad laboratories, inc.) was then applied for 1 h at room temperature. The bands were visualized using an enhanced chemiluminescence protein detection kit (eMd Millipore) and exposed using X-ray film (Kodak, Inc.). β-actin was used as the loading control (1:3,000; cat. no. ac004; aBclonal Biotech co., ltd.).
Determination of glucose consumption and lactate production.
To evaluate glucose uptake and lactate production, oS cells (10,000 cells) were seeded in the 6-well plates with DMEM and transfected with mirnas. at 48 h post-transfection, the culture medium was collected. The glucose consumption and lactate production were determined using an amplex ® red Glucose/Glucose oxidase assay kit (invitrogen; Thermo Fisher Scientific, Inc.) and lactate assay kit (Sigma-Aldrich; Merck KGaa) according to the manufacturer's protocols.
Colony formation. oS cells were transfected with mir-185 mimics or control miRNA and seed in the 6-well plates with the density of 1,000 cells per well. cells were maintained in DMEM containing 10% FBS. Following culture for 10 days, colonies were washed with PBS and stained with 0.1% crystal violet (Beyotime institute of Biotechnology) for 15 min at room temperature. The number of colonies was counted with the light microscopy (magnification, x100; Olympus corporation).
Wound-healing assay. oS cells transfected with mir-185 mimics or control miRNA were seeded in a 6-well plate (~10,000 cells per well). Following culture for 24 h, cells were wounded with a 200 µl pipette tip and the cell debris was removed by washing with PBS. cells were cultured with fresh DMEM for 24 h at 37˚C. Subsequently, the migration of the cells was observed using a light microscope (olympus Corporation; magnification, x40).
Statistical analysis. The data were presented as the mean + standard deviation from three independent repeats and analyzed with the GraphPad Prism software (Version 5.0; GraphPad Software, inc.). Statistical comparisons between two groups were performed using a Student's t-test. comparisons between multiple groups were performed using a one-way analysis of variance followed by a newman-Keuls post-hoc comparison. The correlation between the expression of mir-185 and HK2 was analyzed with the Spearman's correlation analysis P<0.05 was considered to indicate a statistically significant difference.
Results

miR-185 is downregulated in OS tissues and cells.
To characterize the potential function of mir-185 in oS, the expression of mir-185 was determined in paired oS and adjacent normal tissues. The expression levels of mir-185 were notably reduced in oS tissues compared with the adjacent noncancerous tissues (Fig. 1A) . Additionally, the expression of miR-185 was significantly downregulated in oS cells compared with normal cells (P<0.05; Fig. 1B ). These data revealed the downregulated expression of mir-185 in oS. The relative expression levels of mir-185 in u2oS and Saos-2 cells were the lowest; thus, these two cell lines were selected for further cytological study to overexpress mir-185.
miR-185 suppresses the proliferation of OS cells.
To investigate the function of mir-185 in the progression of oS, both u2oS and Saos-2 cells were transfected with mir-185 mimics or the control mirna. The expression levels of mir-185 were significantly upregulated following the transfection of mir-185 in u2oS and Saos-2 cells compared with the control (P<0.05; Fig. 2a) . To determine the effect of mir-185 on the proliferation of oS cells, an MTT assay was performed and the results revealed that miR-185 overexpression significantly inhibited the growth of oS cells compared with the control (P<0.05; Fig. 2B and c) . To further investigate the regulatory function of mir-185 on the growth of oS cells, u2oS and Saos-2 cells were transfected with mir-185 antagomir or negative control. Transfection of miR-185 antagomir significantly downregulated the expression of mir-185 (P<0.05; Fig. 2d) . Furthermore, the results of MTT assay revealed that inhibition of miR-185 significantly promoted the proliferation of U2OS and Saos-2 cells compared with the control (Fig. 2e and F) . consistent with these results, the results of colony formation assay also indicated that mir-185 upregulation inhibited the colony formation ability of u2oS and Saos-2 cells compared with the control (Fig. 2G ). To further investigate the effect of mir-185 on the migration of oS cells, a wound-healing assay was performed using u2oS and Saos-2 cells transfected with mir-185 mimics or control mirna. overexpression of miR-185 in U2OS and Saos-2 cells significantly inhibited the migration ability compared with the control group (P<0.05; Fig. 2H ). These findings indicated that miR-185 could inhibit the growth of oS cells.
miR-185 downregulates the expression of HK2 by binding to the 3'-UTR of HK2.
To further investigate the regulatory function of miR-185 in OS, the targets of miR-185 were identified using bioinformatic analysis (http://34.236.212.39/microrna/getMirnaForm.do). HK2 was predicted to be a potential target of mir-185. The putative binding sequence of mir-185 at the 3'-uTr of HK2 was indicated in Fig. 3a . To confirm this potential binding interaction, a luciferase reporter assay was performed using a luciferase vector containing the WT or mutant 3'-uTr of HK2 in the presence of mir-185 mimics or control mirna. The results revealed that mir-185 significantly inhibited the luciferase activity of WT but not the mutant 3'-uTr of HK2 (P<0.05; Fig. 3B and c) . Furthermore, the mrna and protein levels of HK2 were also determined in u2oS and Saos-2 cells transfected with mir-185 mimics or control miRNA. Ectopic expression of miR-185 significantly downregulated the mrna levels of HK2 in u2oS
and Saos-2 cells compared with the control (P<0.05; Fig. 3d ). consistent with these results, the protein levels of HK2 were also reduced in oS cells overexpressing mir-185 (Fig. 3e) . These results demonstrated that mir-185 inhibited the expression of HK2 in OS cells. To confirm the association between the expression of mir-185 and HK2, the mrna levels of HK2 in oS tissues were determined using rT-qPcr compared with adjacent normal tissues. The data revealed that the expression of HK2 was significantly upregulated in OS tissues compared with the control (P<0.05; Fig. 3F ). The results of Spearman's correlation analysis indicated that the expression levels of mir-185 and HK2 in oS tissues were inversely correlated (Fig. 3G) . These results demonstrated that HK2 could be a potential downstream target of mir-185 in oS cells.
miR-185 inhibits the glucose metabolism of OS cells.
HK2 serves important roles in the glycolysis of cancer cells (39) . as mir-185 downregulated the expression of HK2, we hypothesized that mir-185 could regulate the glycolysis of oS cells.
To confirm this, the glucose consumption and lactate production of u2oS and Saos-2 cells transfected with mir-185 or control mirna were determined. The data revealed that overexpression of miR-185 significantly suppressed glucose uptake and lactate production of oS cells compared with the control (P<0.05; Fig. 4a and B) . To further investigate the inhibitory effect of mir-185 on the glycolysis of oS cells, the endogenous expression of mir-185 was abolished by transfecting miR-185 antagomir into HOS and MG-63 cells, which express mir-185 at a relatively higher level among the oS cell lines we used. The results revealed that mir-185 was significantly downregulated in OS cells transfected with mir-185 antagomir (P<0.05; Fig. 4c ). in addition, inhibition of mir-185 significantly promoted the glycolysis of HoS and MG-63 cells compared with the control (Fig. 4D and E) . To determine whether mir-185 inhibited the growth of oS cells through downregulating HK2, the expression of HK2 was restored by transfecting u2oS cells with Ha-HK2. The ectopic expression of HK2 suppressed the inhibitory effect of mir-185 on the growth of oS cells (Fig. 4F) .
Discussion
The regulatory functions of mirnas in the progression of cancers have been highlighted in previous studies (40-42).
mir-185 was reported to function as a tumor suppressor in numerous types of cancer, including hepatocellular carcinoma and non-small cell lung cancer (15, 16) . In the present study, the expression levels of mir-185 in oS were evaluated, and the downstream targets of miR-185 were identified. The results indicated that miR-185 was significantly downregulated in OS tissues and cells. ectopic overexpression of mir-185 suppressed the growth and migration of OS cells. These findings suggested the potential tumor suppressive role of mir-185 in oS.
To identify the underlying molecular mechanisms of mir-185-mediated inhibition in the proliferation of oS cells, the potential targets of mir-185 were predicted. a previous study identified AKT1 as one of the targets of miR-185 in non-small cell lung cancer (43) . The potential tumor suppressive function of mir-185 through the e2F1 and dnMT1 pathways was also revealed in triple-negative breast cancer (44) . Furthermore, recent studies reported that mir-185 targeted WnT2B to regulate the invasion and metastasis of nasopharyngeal carcinoma (18, 19) . additionally, mir-185 suppressed the proliferation of pancreatic cells by targeting a transcriptional co-activator with a PdZ-binding motif (45) . mir-185 was also reported to inhibit the Wnt/β-catenin pathway in colorectal cancer (46) . in the present study, HK2 was revealed to be a direct target of mir-185 in oS cells. overexpressed mir-185 suppressed the mrna and protein levels of HK2. in addition, an inverse correlation between the expression of mir-185 and HK2 was also observed in OS tissues. HK2 controls the first step of glycolysis, consequently inducing the aTP-dependent phosphorylation of glucose into glucose-6-phasphatase (47) . upregulated HK2 has been detected in cancer cells, and was associated with poor prognosis of patients (48, 49) . HK2 was determined to be involved in the initiation and development of Kras-driven lung cancer and erbB2-driven breast cancer in HK2 conditional knockout mice (50) . in addition, previous studies suggested that HK2 was a target of numerous mirnas in cancers, which could be associated with cancer progression (35, 36) . Furthermore, recent findings indicated that mir-155 inhibited HK2-mediated glycolysis and sensitized lung cancer cells to irradiation (51) . HK2 was also revealed as a target of mir-143 in prostate cancer (35) . These results indicated that HK2 was regulated by mirnas in numerous types of cancer and consequently regulated the progression of tumor. in the present study, mir-185 overexpression suppressed the glucose consumption and lactate production of oS cells, while restoration of HK2 rescued the growth of oS cells. as HK2 is involved in aerobic glycolysis, these results suggested that mir-185 could regulate the proliferation of oS cells in a HK2-dependent manner.
due to the tumor suppressive role of mir-185 in oS, it might be interesting to identify the upstream regulators of mir-185. accumulating evidence suggested that some small molecules or natural compounds, such as docosahexaenoic acid, resveratrol, curcumin, regulated the expression of mirnas (52) . Further studies could be conducted to identify the molecules that regulate the expression of mir-185 in oS. additionally, to further characterize the potential tumor suppressive function of mir-185 in oS, in vivo experiments may also be performed. additionally, as numerous downstream targets of mir-185 have been identified in a variety of cancers (43, 44, (53) (54) (55) , the regulatory function of mir-185 on its potential targets in oS could be explored.
in conclusion, the results of the present study demonstrated that mir-185 inhibited the proliferation and glycolysis of oS cells through targeting HK2. The suppressive function of mir-185 on the growth of oS cells indicated that mir-185 may be a novel therapeutic candidate for the treatment of oS in the future.
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